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We propose a scheme which encodes information in both the longitudinal and spatial transverse 
phases of a continuous-wave optical beam. A split detector-based interferometric scheme is then 
introduced to optimally detect both encoded phase signals. In contrast to present-day optical storage 
devices, our phase coding scheme has an information storage capacity which scales with the power 
of the read-out optical beam. We analyse the maximum number of encoding possibilities at the shot 
noise limit. In addition, we show that using squeezed light, the shot noise limit can be overcome 
and the number of encoding possibilities increased. We discuss a possible application of our phase 
coding scheme for increasing the capacities of optical storage devices. 



I. INTRODUCTION 

The optical compact disc (CD) was developed in 1979 
as a collaboration between two corporations - Sony and 
Philips. Today, the CD has wide-ranging storage ap- 
plications from the audio-visual to computer industries. 
The CD system is based on a 780 nm laser (laser spot 
size of 2.1 /im) with a storage capacity of approximately 
670 MB. Since their introduction there has been increas- 
ing demand for greater storage capacities in optical discs. 
The digital versatile disc (DVD), based on a 650 nm laser 
system (spot size of 1.3 /im), was introduced. Depend- 
ing on the format, it can have storage capacities ranging 
from 4.7 GB to 17.1 GB. More recently, the HD DVD 
and Blu-Ray discs based on a 405 nm laser system were 
released. The HD DVD system has a spot size of 0.76 /im 
and storage capacities of 15 GB to 45 GB, whilst Blu-Ray 
disc systems have a smaller spot size of 0.6 /xm, with ca- 
• pacifies of 25 GB to 100 GB 1^ . 

Whilst nano-technology allows the fabrication of me- 
chanical surfaces with nano-meter size structures, it is 
the diffraction limit of the read-out optics that prevents 
data storage densities beyond those of present day sys- 
tems. The trend of compacting more information into 
an optical disc therefore primarily relies on the use of 
shorter wavelength lasers to achieve smaller diffraction 
limited spot sizes. One could envisage that in the not 
too distant future, such improvement in the storage den- 
sity would require the use of very short wavelength light 
beyond the ultra-violet spectrum that cannot be gener- 
ated with known laser optics. 

To date, there have been a number of suggested al- 
ternatives for obtaining higher optical storage densities. 
For example, currently under development are next gen- 
eration holographic devices, the holographic versatile disc 
(HVD), which have capacities exceeding 300 GB through 
the usage of volume storage. An alternative approach 
depends on the encoding of spatial details beyond the 
diffraction limit of the read-out laser beam 0|. This 
approach requires the use of near-field microscopy tech- 



niques to resolve sub-diffraction limited features. 

In this paper, we revisit a well known alternative of us- 
ing interferometric techniques 2, 3, 4, 5, 6, 7, 8, 9, 10, 1^ 
to extend optical storage density. We propose to per- 
form multi-bit phase-front coding of optical beams in an 
interferometric setup. Our scheme does not require holo- 
graphic nor near-field optics, instead it utilises two classes 
of phase coding - the longitudinal and spatial transverse 
phases of an optical beam. We encode information in the 
longitudinal phase of a beam, which could take discrete 
values ranging from to tt. The total number of encode- 
able phase values scales with the power of the read-out 
optical beam. We then introduce an extra encoding de- 
gree of freedom, the spatial transverse phase-front profile 
of the beam. Although not explicitly mentioned in our 
analysis, it is important to note that the spatial features 
of the beam used could, in principle, be at the diffrac- 
tion limit. In order to resolve the encoded longitudi- 
nal phase of the beam, an interferometric scheme is re- 
quired. To resolve the spatial phase profile of the beam, 
a multi-segment photo-detector (e.g. a charge-coupled 
device (CCD)) can be used. 

This paper is sectioned as follows. We first reduce our 
analysis of spatial phase-front beam encoding to the sit- 
uation of a two-pixel array detector, the split detector 
[H III Q El 111 113 • We identify the possible phase 
profiles symmetric with a split detector and give a modal 
analysis for these spatial profiles. We also introduce the 
longitudinal phase of the beam and show how an inter- 
ferometric scheme based on split detectors can be used 
to simultaneously obtain information on the longitudinal 
and spatial phases. A quantum analysis of the measure- 
ment noise is then presented. We identify the maximum 
number of encode-able longitudinal phases at the shot 
noise limit (SNL). We then show that using squeezed 
light, one can overcome the shot noise limit and thus the 
number of encoding possibilities can be further increased. 
Consequently, we analyse the spectral properties of the 
signal and noise of the encoded beam. We compare single 
and consecutive measurement techniques, and show that 
consecutive measurements provides an improved signal- 
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to-noise ratio (SNR), whilst ensuring compatibility with 
squeezed light frequency regimes. 



II. CLASSICAL PHASE CODING 

In this paper, we consider the detection of a specific set 
of possible transverse and longitudinal phase transforma- 
tions of a TEMoo field. To detect such transformations 
requires a spatially selective detection system such as a 
CCD array, split detector or specifically configured homo- 
dyne detector . Split detectors in particular offer fast 
response (in the GHz regime) and high efficiency. These 
factors are critical in high bandwidth optical systems. 
We therefore concentrate our analysis on split detectors 
in this paper. 

Restricting our analysis to one-dimension, the set 
of eigenmodes that best describe split detectors is the 
flipped eigenmode basis The normalised beam am- 
plitude function Mf„(a;) for the flipped eigenmode (hence- 
forth termed simply the flipped mode) of order n is de- 
fined by a T EMnn mode with a tt phase flip at the centre 
of the mode M^m 



Ufn{x) = 



Un{x) for X > 
—Un{x) for X < 0. 



(1) 



where Un{x) is the one-dimensional normalised beam am- 
plitude function of a TEMp^ mode. 





FIG. 1: The four possible phase-front profiles resulting from 
the transformation on the input uo{x) beam. 



To encode split detector compatible information on the 
phase-front of a TEMp^ beam, tt phase flips of this kind 
should therefore be applied. This results in four possible 
bit values, corresponding to the four possible two- pixel tt 
phase shifts on uq{x), as illustrated in Fig.Q A longitu- 
dinal phase factor e'^ is also introduced to increase the 
total number of encoding possibilities. The phase coded 
modes introduced in Fig.n]are described by the following 
transformation 



uo{x) — > e uo{x) 
uo{x) — > -e uo{x) 
uo{x) — > e Ufo{x) 



uoix) 



(4) 



-e'^wfo(x). 



(2) 
(3) 
(4) 
(5) 



In order to resolve the four possible phase-front pro- 
files of Eqs. @-® , we propose the phase coding scheme 
shown in Fig. [51 Beam 1 undergoes a phase-front trans- 
formation upon traversing a phase object (PO), resulting 
in transformed beam 3. Subsequently, beams 2 and 3 are 
combined on a 50:50 beam-splitter and the two output 
beams are detected using split detectors. Each field can 
be represented by the positive frequency part of its mean 
electric field f """e"*"*, where uj is the optical frequency. 
We are interested in the transverse information described 
fully by the slowly varying field envelope For a mea- 
surement performed in an exposure time T, the mean 
field for input beams 1 and 2 are given by 



£+ix,t) 



2encT 



ao{t)uo{x) 



f^(x,t) = ie 



2eocT 



fio{t)ua{x) 



(6) 
(7) 



where ao(i) and /3o(0 ^'''^ coherent amplitudes of the 
TEMqo input beams 1 and 2, respectively. represents 
the longitudinal phase of beam 2. 
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FIG. 2: Two-pixel phase coding scheme. BS: beam-splitter, 
SD: split-detector. Dl, D2, D3, D4: labels for the split detec- 
tor segments. OPA: optical parametric amplifier, PO; phase 
object. 



The photo-current signal for all segments of the split 
detectors are then calculated. The photo-current signal 
is related directly to the mean photon number, given by 



2tQcT 



I-oo dxS^S and nx>o 



2eocT 



for split detector x < and x > segments, respectively. 

We consider four possible combinations for the pair- 
wise photo-current addition and subtraction, with the 
photo-current signal terms shown in Table The ta- 
ble shows that for both combinations A and B, all four 
mode transformations have identical signal values of 
and ao{t)^ + /3o(i)^: respectively. Thus the phase-front 
transformation on the input beam cannot be determined. 
Combinations C and D, on the other hand, allow the 
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TABLE I: The photo-current signal terms. 



Transformed 
Mode 


Combination A 

(Di - D2) + {D-i - D4) 


Combination B 
(Di + D2) + {Do, + Di) 


Combination C 
(Di- Da) -(£'3-^4) 


Combination D 
(Di + D2) - {Di + D4) 


-e^\to{x) 








Oo + 00 
OfO + Po 
Qfo + Po 





2Q:fo/3o sm{(j) - 6) 
-2afo/3o sin(0 - 9) 


2ao/3osm{(j>-e) 
— 2ao/3o sin(0 — 6) 





Uio{x) and uo{x) modes to be detected respectively with 
a sign change for the different phase-front transforma- 
tion. Moreover, the phase coding scheme is sensitive to 
the differential longitudinal phase {9 — 4>). 

Note that cj) has to be calibrated in order to determine 
the encoded phase 9. (p is scanned between and tt until 
an extremum value of ±2a(3 is obtained. For example, for 
combination D, a value of — 2ao/3o for = 0opt tells us 
that the encoded mode-shape is —uo{x) with longitudinal 
phase 9 = 7r/2 — </)opt. The maximal signal is obtained for 
a phase difference of (j) — 9 = -k 12. This interferometric 
scheme therefore enables a unique distinction of all of the 
four phase- front transforms given in Eqs. Q-©- 



III. QUANTUM PHASE CODING 

We would like to quantify the maximum number of 
encoding possibilities, whose limit is ultimately set by 
the SNL. The SNL is identified and ways to improve 
the sensitivity of the measurement using squeezed light 
are shown. Consider the field operators in the sideband 
frequency domain, fi. For brevity, we do not explicitly 
denote the frequency dependence for the field operators 
hereon, which are given by 



= i 



2eocT 



aouo 



(x) + ^ 6anUn{x) 



(8) 



n=0 



flUJ 

2€ocT 



(3oUo{x) + ^ 5bnUn{x) , (9) 



where the first terms are the coherent amplitude of the 
Uo{x) mode. The second terms are the quantum fluctu- 
ations Sa = a — (a) and 6b — b — (b) , with d and b being 
annihilation operators, of beams 3 and 2 in Fig. |21 re- 
spectively. Depending on the phase-front transformation 
on beam f , the field operator describing beam 3 is given 
by 



5(2) + 



?(3) + 



te 



2€QcT 



Q;oUo(a;) + ^ (5d„M„(a 



n=0 



-le 



id 



2eocT 



aoUo 



{x) + ^ SanUn{x) 



n=0 



le 



fno 



2€ocT \ 



afoUfo{x) + ^ (5afnUf„(a 



2eocT \ 



amufoix) 



n=0 



SainUfn{x) 



(10) 



where the superscript denotes the transformations corre- 
sponding to Eqs. 0-®. 

The RF photo-current for all segments of the split de- 
tectors are then calculated similarly to the previous sec- 
tion. The overlap integrals in the expressions for the 
photo-current sum and difference operators are simpli- 
fied using the respective orthogonality properties of the 
Un{x) and Wfn(x) modes 21, 22, 23]. 

The photo-current noise corresponding to combina- 
tions C and D are shown in Table ^1 where we have 
defined the quadrature noise operator as SX^ — e~^^6a+ 
e^'^Sa^. We assume the phase-front transformation is 
lossless. Therefore the photon statistics of the trans- 
formed field is unchanged relative to the initial field, so 
that lafol = |ao| = |a| and {{SXlJ^) = {(SXlf) = 
{{SX^f). Table CH therefore suggests that squeezing the 
input beams 1 and 2 will lead to enhanced noise perfor- 
mances. 

We now determine the maximum number of encoding 
possibilities in our phase coding scheme. The encoding 
limit is determined by the minimum longitudinal phase 
difference detectable A^min. This corresponds to when 
the signal and noise variances are equal (i.e. SNR =1). 

The SNR is calculated by taking the ratio of the sig- 
nal and noise variances, given by (n)^ and (Sn^), respec- 
tively. The corresponding SNR of the measurement for 
the ±wo and ±Wfo modes are denoted by TZc and TZri, 
respectively, and have the same form given by 



n = 



Aa^Pl sin^ 



(11) 



n=0 



If the input beams are coherent with {{SXf Y') = 
{{SXlf) - 1, then Te™!^ = 4a^l3ism^{^ - 9)/ {a' + 
0^). This coherent state SNR serves as a benchmark 
for which to compare the SNR achievable with squeez- 
ing. For quadrature squeezed input beams 1 and 2 (i.e. 
{{5Xtf),{{5Xtf) < 1), we see directly that 7^^q" > 
T^'^"^. Squeezed input beams therefore increase the SNR 
achievable for all possible mode transformations. 

Note that in the limit /? 3> a, our phase imaging 
scheme reduces to that of a homodyne measurement with 
a SNR given by 7^hom = sm^{(j} - 9)/{{5Xff). The 
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TABLE II: Photo-current noise. 



Tr 3,nsf oriii6ci 
Mode 


Combiii&tioii C 
- D2) - (Da - D4) 


Comb iiicLt ion D 

{D1 + D2) - {D3 + D4) 


-e'*Mfo(a;) 


-f5o5xLto-'^-/'^+ato5xly+-/'^ 
PoSXit''"'^"' - atoSXil^^-/'^ 


-/3oSX^f,-"+-'-'>+ao5Xll-^+-^''> 
Po5Xiy^^'^ - aoSXi'-^+^^^^ 

-f3oSXit-'^-^'^+a,o5xll-^+-^'^ 
PoSXit'^-^^' - a,oSXil^+-^'^ 



signal and noise contribution arise from the transverse 
mode defined by the local oscillator mode-shape. 

The minimum longitudinal phase difference detectable 
(i.e. SNR =1) is given by 



{12) 



where we have assumed that the phase difference between 
beams 2 and 3 have been optimised to 4> — 9 = 7r/2. Since 
the longitudinal phase of beam 3 is determined modulo 
TT, the total number of resolvable phase levels is 7r/A6'inin, 
which scales with the power of the read-out optical beam 
a. Note that this contrasts with conventional optical 
storage devices which are restricted to only two encode- 
able values (i.e. '0' and '1'), with a SNR proportional to 
the power of the read-out beam. 

Including the four possible transverse encoding com- 
binations, the total number of encode-able levels for our 
phase coding scheme is therefore given by 



47r 



(13) 



We now consider Lmax levels for a fixed optical power 
and show how this can be improved via squeezing. The 
mean number of photons per bandwidth-time in an opti- 
cal field n can be related to its coherent amplitude a, am- 
plitude {{6X^Y) and phase {{6X^)'^) quadrature noise 
variances by 



4^ 



+ {{5X+Y) + {{6X-Y)-2). 



(14) 



The first thing to note is that for squeezed states, n is 
non-zero even when a = 0. Indeed, as the squeezing 
increases (for amplitude squeezing {{5X^Y) and 
{{6X^Y) 00) n increases monotonically. With re- 
gards to our phase- front detection scheme, these photons 
do not contribute to the signal, a, and therefore for a 
given optical power, n, a balance must be obtained be- 
tween using photons to minimise the noise (maximise the 
squeezing), and to maximise the signal (maximise a). 

In this paper, Lmax levels for a fixed optical power 
was maximised numerically. This was performed over 
all possible ratios of photons used to minimise the noise, 
and those used to maximise the signal. The total optical 
power is the sum of the number of photons in each of 
the input beams, each individually given by Eq. (|14|) . 



We considered three cases. In the first case, to provide a 
benchmark, we considered Lmax levels when no squeezing 
was available, and both input beams were coherent. In 
the second case, squeezing was allowed for beam 1 but 
beam 2 was coherent. In the third case, both input beams 
were squeezed. The maximum L^ax levels for each of 
these cases is shown in Fig. O We see that by far, the 
best Lmax levels is achieved when both beams are allowed 
to be squeezed, with ~ 25% capacity improvement over 
the coherent state case when 100 photons per bandwidth- 
time are used. In the case of only one squeezed beam, 
the capacity improvement is ~ 10%. 




Total photon number 



100 



FIG. 3: Maximum log2 I/max levels of the phase-front coding 
scheme as a function of the total mean number of photons / 
(Hz.s) utilised in the protocol, (i) Both input beams ampli- 
tude squeezed, (ii) beam 1 amplitude squeezed and beam 2 
coherent, (iii) both input beams coherent. 



Of course, due to decoherence and inefficiencies, arbi- 
trary levels of squeezing are not available. Therefore, it is 
interesting to consider not only the maximum Lmax lev- 
els that can be achieved, but also whether the amount of 
squeezing required to achieve it are feasible. The amount 
of squeezing required to achieve the maximum Lmax lev- 
els for a given total photon number are shown in Fig. 0] 
for both the one squeezed beam and two squeezed beam 
cases. In both cases, when less than 10 photons per 
time are utilised, squeezing levels below 10 dB are re- 
quired. Although challenging, such levels of squeezing 
are experimentally achievable. For more than 10 pho- 
tons per bandwidth-time however, the level of squeezing 
required to achieve the maximum encode-able levels fast 
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becomes unfeasible. Therefore, utilising squeezed light in 
the phase-front detection scheme presented here will only 
be beneficial when less than 10 photons are available per 
measurement interval. 




10" 10' 
Total photon number 



FIG. 4: Shot noise normalised level of squeezing required to 
achieve the optimum number of encode-able levels as a func- 
tion of the total mean number of photons per bandwidth-time 
utilised in the protocol, (i) Beam 1 amplitude squeezed and 
beam 2 coherent, (ii) both input beams amplitude squeezed. 



Using coherent beams gives a large number of encode- 
able levels. For example, assuming idealised shot noise 
limited performance, we can encode a maximum of 2'^^ 
levels, for a 1 mW beam (A = Ifim) in the limit that 
/3o ^ a, during a 1 /iS measurement time (assuming 
SNR =1). Squeezing can further improve the maximum 
encode-able levels in the limit of low laser power. Simi- 
lar to the multi-bit encoding schemes of P. Torek's group 
, our scheme is a significant improvement over current 
technology where only one bit per site is encoded. 



We propose to store more than one level on a single 
'pit' site, by encoding levels as shown on Fig. El The in- 
formation is contained in the longitudinal and transverse 
phase domains for each 'pit'. The longitudinal phase is 
determined by the depth of the 'pit', X6/{2tt), while the 
transverse phase profile is determined from its shape. 
Identical beam profiles to those of Fig. ^ can thus be 
generated. The reflection of the read-out beam has one 
of the four possible transverse mode profiles, ±uo(x) or 
±Ufo(cc), with an additional global phase shift 6. This 
reflected beam (i.e. beam 3) can then be combined with 
beam 2 on a 50:50 beam-splitter, as shown in Fig. [21 to 
perform the phase information decoding. 



(1) 



(2) 



(3) 



IV. POTENTIAL APPLICATION TO OPTICAL 
STORAGE 



FIG. 5: Examples of bit encoding allowing denser information 
storage on optical discs. The binary information is encoded in 
the transverse and longitudinal phases of the reflected read- 
out laser beam. The depth of the 'pit' can range from dis- 
crete values between and A/2. Hence di G (A/4, A/2] and 
02 € (0, A/4], where A is the laser wavelength and 9 is the 
longitudinal phase shift of the laser beam. Note that the 
'pit' depth is half that of the phase shift experienced by the 
read-out laser beam due to a round-trip propagation from the 
optical disc. 



Thus far, our analysis has not considered the spec- 
tral properties of the read-out signal and noise. Since 
the optical disc is spinning and the laser read-out time 
is limited, the spectral power density of a realistic opti- 
cal disc detection differs from that of an idealised static 
phase sensing scheme. We examine these issues in the 
following subsections. 



In this section, we investigate the compatibility of 
our phase coding scheme with an optical disc read-out 
scheme. 



A. Optical disc scheme 

In conventional CDs, the information is encoded in 
binary format, by burning physical indentations (com- 
monly termed 'pits') on the disc. Regions where no phys- 
ical indentations exist are termed 'lands'. A transition 
between 'pit' and 'land' encodes for '1', whereas no tran- 
sition encodes for '0' The reflected beam intensity 
from a focussed laser beam onto the disc allows bit read- 
out, as the beam undergoes large diffractive losses when 
impinging on a 'land'-'pit' transition. 



B. Spectral power density for a single measurement 

We first consider the information extraction from a 
time-limited static disc read-out. N photons are detected 
in a time interval T, as represented on the inset of Fig.O 
where the integrated photo-current provides the encoded 
information. 

Using a single top hat function as a time measurement 
window, the Wiener-Khinchine relation yields the signal 
power spectral density (PSD)j_iSi(z/). In the case of a 
double sided power spectrum ^5*], the signal PSD is given 
by 



s{h'').ainc{TTT{i'' — v))dv' 



(15) 
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h(t) 






.urrii.UiiU.ain«1«ln!fe|»>(|«.1' > 



(ii) 



QNL 



0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
Frequency (in 1/T units) 

FIG. 6: The normalised (i) signal Si{h') and (ii) noise Ni{v) 
PSD for a single measurement in a time interval T. S\ (0) and 
A/i(0) are the maximum signal and noise powers at DC. The 
inset shows the sequence corresponding to a single top hat 
measurement window, h{t), with N{t) photons. 



where v is the frequency and s{v) is the signal linear 
spectral density in the limit of an infinite time measure- 
ment, defined as s{v) = yJS{v). S{v) is the number of 
photons per bandwidth-time. 

For a single measurement, s(i^) is given by 
s{v) = Nd{i>), where N is the number of photons per 
time in the signal and S{iy) is a delta function centred at 
DC. Thus Eq. 113 becomes 



(16) 



where the signal PSD has a squared cardinal sine distri- 
bution with a maximum at DC. Fig. El shows the nor- 
malised signal and noise PSD. 

The noise power spectral density, N{v) = ^(z^)^ is now 
obtained. We assume that read-out lasers are shot noise 
limited. Thus the noise linear spectral density is white 
and proportional to v'iV, given by ^(i/) = \/N. The 
integration time in our measurement is T and the noise 
PSD is given by 



Mi{v) =NT 



s\i\c{-kT{v' - v))dv' 



where the white noise spectrum has an amplitude of 
y/N/T. We have chosen N = for Fig. such that 

the noise power is approximately equal to the maximum 
signal power. 

The typical measurement time of a DVD device is 
T = 0.1 /iS, corresponding to = 10^"* photons/s for 
a read-out laser of 20 fiW power at a wavelength of 
A = 1 /im. The signal spectrum therefore is in the 
DC to 10 MHz regime. Improvements on the measure- 
ment sensitivity beyond the shot noise limit thus requires 
broadband squeezing from DC to 10 MHz. Although 
low frequency squeezing has recently been demonstrated 
[2^12^ . many technical challenges exist. 



An alternative solution, compatible with current tech- 
nology, could be the sampling or modulation of the read- 
out beam to artificially shift the signal to a higher fre- 
quency range. For optical discs rotating at approxi- 
mately 10 bit//is (4.32 Mb/s for CDs, and 26.16 Mb/s 
for DVDs), the sampling or modulation frequencies can 
be at least 1 GHz, which is compatible with squeezing 
frequency ranges. However, the disadvantage of such an 
approach is that the photon number in the signal side- 
bands is low. The majority of the photons are still dis- 
tributed in the frequency regime around DC. Thus the 
improvement in the SNR may not be significant. 



C. Spectral power density for consecutive 
measurements 

We now propose to perform consecutive 'pit' measure- 
ments where the centre of the signal PSD is shifted to a 
higher frequency. Two consecutive measurements of the 
variable N{t) during two time intervals of length T, sep- 
arated by a delay T', is shown schematically on the inset 
of Fig. □ 



Jiiiiiiiw^iaiiii^i 




"0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 
Frequency (in 1/T units) 

FIG. 7: (i) Normalised signal S2{i^), (ii) shot noise and (iii) 
squeezed noise M2{y) PSD for two consecutive measurements 
of time intervals T separated by a delay T' = 0. The max- 
imum signal and noise powers are respectively, 52, con and 
A/'2,coH, for a coherent state read-out laser at ~ 0.35/r. 
In the case of a squeezed read-out laser, the maximum signal 
and noise powers are denoted by <S2,sqz and A/'2,SQz, respec- 
tively. The inset shows the sequence corresponding to two 
consecutive measurements. 



The difference between two consecutive measurements 
yields a signal PSD given by the contribution of each 
individual sine-wave at frequency to the total signal, 
and averaging over all possible initial phases 0, giving 

S2{,v) = S{v)r,2{v) (18) 

where 772 (j^) is given by 
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and where k is a normalisation constant. Note that a 
similar calculation can be applied to the single measure- 
ment case. 

The signal and noise PSD for T' ~ are shown in 
Fig. d The signal PSD is shifted to the MHz frequency 
regime (which is more compatible with routinely ob- 
tained experimental squeezing frequency regimes). The 
signal PSD maximum is at j/ ~ 0.35/T for T' = 0. This 
is also the regime where the bandwidth is maximum. In- 
creasing T' shifts the maximum signal power to lower fre- 
quencies and sharpens the distribution. Thus the band- 
width reduces with increasing T' . For T' — T, the maxi- 
mum signal power is for example ~ 1.5 times larger than 
that for the T' = case and occurs at ~ 0.2/T, whereas 
the bandwidth reduces by half. T' can thus be tuned 
to obtain an optimum for signal power, bandwidth and 
compatibility with squeezing frequencies. 

The SNR of interest in our optical memory scheme 
corresponds to that of a single frequency i^, as defined in 
Eq. . Therefore our proposed optical memory scheme 
will require a frequency mixer or bandpass filter centred 
at where the measurement SNR is maximum. 

Differential consecutive measurements is a technique 
already employed in current optical disc devices, as it 
allows the cancellation of common-mode classical noise, 
provided that the phase of the read-out laser is well cali- 
brated in a 'pit'-to-'pit' measurement. Furthermore, the 
maximum of the normalised PSD for consecutive mea- 
surements is slightly larger than that for the single mea- 
surement case, assuming a coherent state read-out laser 
with the same parameters. If a broadband 3 dB squeezed 
state is used as the read-out laser, the SNR doubles for 
consecutive measurements. However the SNR improve- 
ment for the case of a single measurement is negligible. 
This is because low frequency noise sources (e.g. acoustic 
noise) overwhelm the squeezing. 

V. CONCLUSION 

We have presented a scheme to perform longitudinal 
and transverse spatial phase coding of continuous-wave 
optical beams. We have shown that by performing selec- 



tive combinations of photo-current addition and subtrac- 
tion, the phase coded signal can be extracted. In order 
to optimise the phase signal, the longitudinal phase of 
beam 2 has to be calibrated and optimised such that 
(j) — 7t/2 + 9. Whilst current CD technologies are limited 
by a number of different noise sources, such as thermal- 
Johnson noise and electronic noise, our analysis assumes 
shot noise limited performance. The maximum number 
of encoding possibilities for this regime was calculated, 
suggesting significant improvement with our phase cod- 
ing scheme. However, by using squeezed light, the shot 
noise limit can be overcome and thus the maximum num- 
ber of encode-able levels increased. We then presented 
a possible application of our phase coding scheme in in- 
creasing the capacities of optical storage devices. We 
analysed the performance of single measurement tech- 
niques and showed that the signal and noise PSD are 
centred around DC sideband frequencies. We then anal- 
ysed the PSD of differential consecutive measurements 
and showed that the PSD spectrum is shifted to higher 
sideband frequencies. In order to extract the phase sig- 
nal, frequency mixing or narrow bandpass filtering tech- 
niques can be used. The differential consecutive mea- 
surement technique provides a good SNR whilst ensuring 
compatibility with squeezing frequencies. 

Our phase coding scheme can be extended to imple- 
ment a multi-pixel array detector. Delaubert et al. (28l | 
has performed a quantum study of multi-pixel array de- 
tection and shown that it is possible to perform multi- 
pixel transverse spatial phase encoding. Possible imple- 
mentation of a multi-pixel scheme would require the in- 
corporation of multiple interferometers and the use of 
multi-squeezed beams or a multi-mode OPO system p9| . 
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